The accurate determination of the risk of cancer recurrence is an important unmet need in the management of prostate cancer. Patients and physicians must weigh the benefits of currently available therapies against the potential morbidity of these treatments. Herein we describe the development of a gene expression-based continuous risk index and a validation of this test in an independent, blinded cohort of post-radical prostatectomy (RP) patients. A gene expression signature, prognostic for prostate-specific antigen (PSA) recurrence, was identified through a bioinformatic analysis of the expression of 1,536 genes in malignant prostate tissue from a training cohort of consecutive patients treated with RP. The assay was transferred to a real-time RT-PCR platform, and a continuous risk index model was constructed based on the expression of 32 genes. This 32-gene risk index model was validated in an independent, blinded cohort of 270 RP patients. In multivariate analyses, the risk index was prognostic for risk of PSA recurrence and had added value over standard prognostic markers such as Gleason score, pathologic tumor stage, surgical margin status, and presurgery PSA (hazard ratio, 4.05; 95% confidence interval, 1.50-10.94; P = 0.0057). Furthermore, RP patients could be stratified based on the risk of PSA recurrence and the development of metastatic disease. The 32-gene signature identified here is a robust prognostic marker for disease recurrence. This assay may aid in postoperative treatment selection and has the potential to impact decision making at the biopsy stage.
P rostate cancer remains a significant health problem, with more than 217,000 men diagnosed in the United States in 2010, and is the second leading cause of male cancer mortality (1) . Management of prostate cancer is challenging, given the protracted and variable nature of the disease. A key clinical need is to identify patients with indolent vs. aggressive disease more accurately, as treatment choices may affect quality of life and survival significantly. For clinically localized and locally advanced cancer, radical prostatectomy (RP) is an established and accepted treatment; ∼90,000 RPs are performed each year (2) . The standard of care following RP surgery has been debated, as the overall 10-y prostate-specific antigen (PSA) recurrence rate is ∼33% (3) (4) (5) . For patients with adverse pathologic features, three randomized clinical studies have demonstrated that adjuvant radiotherapy reduces the risk of PSA recurrence (6) (7) (8) . However, even in these high-risk populations, 36-56% of patients in the control arms did not experience PSA recurrence. In the Southwest Oncology Group (SWOG) 8794 trial, the number of men treated with adjuvant radiotherapy to prevent one case of metastatic disease at a median follow-up of 12.6 y was 12.2 (9) . In contrast, RP is considered primary curative therapy in pathologically organ-confined disease, and adjuvant therapy generally is not recommended for these patients. However, in retrospective cohort studies of patients with pathologic tumor (pT) stage 2 disease, 10-y rates of PSA recurrence ranged from ∼7% to 20% (10, 11) . Thus, identification of patients with organ-confined disease likely to experience disease recurrence represents a significant clinical need.
In clinical practice, variables such as Gleason score, pT stage, surgical margin status, and serum PSA are used to predict the risk of progression both alone and in combination (12) (13) (14) (15) and have improved the ability to predict outcomes. They remain insufficient, however, in quantifying the risk of recurrence in many patients. The utility of objective, unique gene expression-based signatures in the prognosis and management of various cancers recently gained acceptance within the oncologic community (16) (17) (18) . Herein, we describe the development and independent validation of a gene expression-based prognostic index that stratifies RP patients based on the risk of biochemical failure (BCF) and metastasis. In addition, we assessed the feasibility and applicability of the assay on prostate needle biopsy tissue obtained before RP. This prostate cancer recurrence risk index may improve upon the current standard of care for assessing risk of recurrence and metastasis in patients with prostate cancer.
Results
The identification of the 32-gene signature is described in SI Results. To allow for individualized recurrence risk assessment, a continuous risk index was constructed using discovery cohort data ( Fig. 1A and Table S1 ). The 32-gene risk index was validated in an independent, blinded set of RP tissue samples. Of 306 samples evaluated, 270 were eligible for final analysis (Fig.  2 ). Demographics and clinical characteristics for this validation cohort are reported in Table 1 .
We first evaluated the 32-gene risk index (Table S2) in the context of commonly used prognostic factors for post-RP prostate cancer patients, including Gleason score, pT stage, surgical margin status, and presurgery PSA. In a univariate analysis, the 32-gene risk index, Gleason score, surgical margin, and presurgery PSA all were prognostic for BCF (Table 2) . Fitting a restricted cubic spline of the 32-gene risk index in the Cox model demonstrated that a nonlinear term was not significant, indicating that a simple linear model was appropriate. A multivariate model demonstrated that the 32-gene risk index was prognostic for risk of BCF and had added value in the context of the standard prognostic tests [hazard ratio (HR), 4.05; 95% confidence interval (CI), 1.50-10.94; P = 0.0057; Tables 3 and 4 ]. Surgical margin status was the only other factor with significant prognostic value in the multivariate analysis [Note: Similar results were observed in a separate univariate and multivariate analysis excluding the 36 patients with missing presurgery PSA values, rather than imputing values (Tables S3-S5) ].
The discrimination ability of the risk index was quantified by calculating the concordance index, which provides the probability that in a randomly selected pair of patients in which one had a BCF event and one did not, the patient who had a BCF event would be assigned the worse predicted risk. The risk index had a concordance index of 0.6905. To assess calibration-the agreement between predicted outcome and actual outcome-we generated a calibration curve (Fig. 1B) . The risk index was similar to the ideal curve (a 45°line indicating perfect agreement) across each quintile of risk index-predicted progressionfree probabilities.
The incremental value of the 32-gene index was assessed by modeling the risk index with three postoperative nomograms (details in SI Materials and Methods, Table S6 ) (15, 19, 20) . The 32-gene risk index enhanced the predictive ability of all three nomograms. The concordance index scores were 0.6869, 0.6973, and 0.6972 using the nomograms alone, and 0.7154, 0.7132, and 0.7219 for the models including the 32-gene risk score.
Using proof-of-concept cut points establishing low-, intermediate-, and high-risk groups (Fig. 1A) , the risk index classified 39 patients (14%) as low risk, 107 patients (40%) as intermediate risk, and 124 patients (46%) as high risk in the validation cohort. Ten-year BCF probabilities were significantly different among the low-, intermediate-, and high-risk groups (0%, 22%, and 47%, respectively, P < 0.0001; Fig. 3A) . Next, we examined several clinically relevant subgroups of patients. In patients with Gleason scores ≤7 (n = 230), the risk index classified 38 patients (16%) as low risk, 103 patients (45%) as intermediate risk, and 89 patients (39%) as high risk. Ten-year BCF probabilities were 0%, 22%, and 39%, respectively, and were significantly different among groups (P = 0.0002; Fig. 3C ). Furthermore, in patients with a Gleason score of 7, those with a 4 + 3 pattern (n = 20) had significantly higher 32-gene risk index scores than patients with a 3 + 4 pattern (n = 100; 5.5 vs. 4.2, P = 0.00015). In patients with pT3 disease or positive surgical margins (n = 89), those classified as high risk (n = 53, 60%) had a 10-y BCF probability of 55%, whereas no patient classified as low risk (n = 8, 9%) experienced BCF (Fig. 3E ). In patients with pT2 disease and a negative surgical margin (n = 181), the risk index classified 71 patients (39%) as high risk; these patients had a 10-y BCF probability of 41%. Notably, this group included 20 patients (28%) with a Gleason score of 6, a cohort that would be considered very low risk by traditional factors (pT2, negative surgical margin, Gleason score = 6); however, of the 20 patients identified by the 32-gene risk index score as high risk, 5 patients (25%) experienced BCF. In comparison, 31 patients (17%) with pT2 disease and a negative surgical margin were classified as low risk, and none of these patients experienced BCF in the first 10 y post-RP (Fig. 3D) . In a multivariate analysis of patients with pT2 disease and a negative surgical margin, a high-vs. low-risk risk index score was associated with a significant increased risk of BCF (HR, 8.0; 95% CI, 1.04-61.55; P < 0.05). Additional subgroup analyses are presented in the Figs. S1-S3.
Next, we assessed the ability of the 32-gene test to predict the risk of metastasis. Seventeen patients in the validation cohort had post-RP metastasis events. The risk categories defined based on risk of BCF significantly stratified patients based on risk of metastasis. The 10-y probability of metastasis was 14% in the high-risk group, 2% in the intermediate-risk group, and 0% in the low-risk group (P = 0.0006; Fig. 3B ).
Net reclassification improvement (NRI) analyses revealed that for reclassification based on metastatic events, the 32-gene index performed numerically better than all nomograms, and significantly better than the 1999 nomogram (P = 0.045; Table S7 ). For reclassification based on BCF, the 32-gene risk index performed numerically better than the nomograms; however, the NRI was not statistically significant (P > 0.05; Table S7 ).
The feasibility and applicability of the 32-gene risk index assay on core needle biopsy tissue were assessed in patients with available needle biopsy tissue (n = 79). There was a strong concordance correlation between 32-gene risk index scores on biopsy and RP samples from the same patients (P < 0.0001, r = 0.66). Next, we evaluated the prognostic ability of the 32-gene assay on biopsy tissue in the context of other clinicopathologic variables Predicted 10-year progression-free probability Observed 10-year progression-free probability Tables 5  and 6 ) Cox regression analyses. PSA was the only other factor with significant prognostic value in the multivariate analysis. Finally, to assess the ability of the 32-gene risk index to provide consistent prognostic information in the context of the multifocal nature of prostate cancer, we analyzed a subset of patients (n = 21) who had Gleason scores of 6 at biopsy and an upgraded score of 7, 8, or 9 at RP. The 32-gene risk index scores were similar between biopsy and RP (P = 0.11; Fig. 3F ).
Discussion
We identified a 32-gene prognostic signature for prostate cancer progression that includes genes from multiple functional families-including transcription factors, cell cycle genes, metabolic process genes, and genes with unknown functions-and developed a continuous risk index that allows for individualized risk assessment based on the gene expression profile of the tumor. The assay and risk index were validated in an independent, blinded cohort of 270 RP patients. The 32-gene risk index was an independent predictor of BCF after RP and added significant prognostic value to standard clinical and pathologic variables. The only markers in the multivariate analysis that were predictive of BCF were the 32-gene risk index score and surgical margin (Tables 3 and 4) .
The 32-gene risk index described herein may provide additional prognostic information in several clinically relevant subgroups of patients. In RP patients, stratification of risk is used to determine the need for adjuvant therapy as well as the intensity of follow-up required. The current standard of care for adjuvant radiotherapy is based on the presence or absence of adverse pathologic features (21) . As expected, the risk index identified most patients with pT3 disease or positive surgical margins as high risk; however, the risk index also identified a low-risk subset of patients-none of whom experienced a BCF event during the follow-up period (Fig. 3E) . Conversely, in patients with pT2 disease and a negative surgical margin, who are considered to have a low risk of disease recurrence following RP, the 32-gene risk index provided a statistically significant stratification of patients and identified a high-risk group with a 41% probability of BCF (Fig. 3D) . Notably, 28% of the patients characterized as high risk by the 32-gene risk index had a Gleason score of 6, indicating they likely would not have been assessed as high risk using conventional clinical parameters. Thus, clinicians may be able to integrate information from the 32-gene risk index to help make decisions about whether individual patients should be considered candidates for adjuvant therapy and more or less intensive follow-up. Although this study did not investigate the molecular mechanism underlying the 32-gene index predictions, we speculate that the gene expression profile can provide information regarding the aggressiveness of tumors not captured by traditional prognostic variables.
Another significant issue in prostate cancer management is the assessment of risk and treatment selection after a positive biopsy (active surveillance vs. radical treatment). An estimated 23-42% of all patients diagnosed with prostate cancer do not require treatment (22) , and recent studies have demonstrated that 48 men must be treated to prevent one prostate cancer-related death (23) . Although the 32-gene risk index was developed and validated using RP samples, a molecular-based prognostic test has potential clinical utility in malignant biopsy samples.
As proof of concept, we examined matched biopsy and RP specimens and found a significant correlation between the risk index scores obtained in these two specimens. Several key obstacles in creating a biopsy tissue-based prognostic test are the multifocal nature of prostate cancer, the potential for misclassification due to sampling, and Gleason score heterogeneity. To assess the ability of the risk index to predict PSA recurrence consistently in this context, we identified a clinically relevant subgroup from our validation cohort-patients with a Gleason score of 6 on their biopsy tissue sample and a score of 7-9 on the RP tissue sample. The risk index scores were similar between biopsy and RP, indicating that the molecular signature identified by the 32-gene risk index may provide consistent data in the context of the multifocal nature of prostate cancer and the heterogeneity of Gleason scores. Finally, the Cox regression analyses of the 32-gene index scores derived from core biopsy tissue provide preliminary evidence that the risk index has prognostic ability above other clinicopathologic variables available at biopsy, including Gleason score, cT stage, number of positive cores, and highest percent The HR calculated for the 32-gene index is based on a five-unit change.
positive core. It is important to note that the prognostic strength of some factors in these Cox analyses may be underestimated as a result of the smaller sample size in the biopsy cohort (n = 79): for example, the cohort included just seven patients with Gleason scores ≥8. If confirmed in larger follow-up studies including untreated patients, such a prognostic biomarker will be useful in stratifying patients who are at minimal risk for progression and therefore candidates for active observation.
In recent years, gene expression-based prognostic signatures have become standard of care in breast cancer; however, to date, genomic markers have not been incorporated into standard clinical practice in prostate cancer. Several prognostic gene expression signatures have been described (24) (25) (26) , whereas several groups have described unsuccessful efforts to identify prognostic gene expression-based signatures (27, 28) . Recently, a prognostic marker based on the expression of 31 cell cycle proliferation genes was described and examined in two cohorts: patients who had undergone RP and patients diagnosed by use of transurethral resection of the prostate (TURP) in the United Kingdom and were managed conservatively (26) . In the post-RP cohort, the signature significantly stratified patients based on risk and added value to standard clinicopathologic variables in a multivariate model. The clinical utility of the signature is unclear as the lowest-risk group presented had a 10-y risk of biochemical recurrence of 23.7%, a threshold likely too high to impact treatment decisions. Whether the signature can define a clinically relevant lower-risk group alone or in combination with other clinicopathologic variables has not been reported. The TURP cohort had more aggressive and advanced disease at diagnosis (i.e., patients were all symptomatic); thus, prostate cancer mortality could be modeled. However, the disease progression at diagnosis and the conservative treatment approach for this cohort are unusual in contemporary clinical practice. The authors note the need for validation of the signature using needle biopsy tissue in patients treated according to current practice standards.
Limitations of our study are as follows: First, it is not representative of all patients who receive therapy for prostate cancer, as it includes only patients treated with RP; second, the samples were obtained from a single institution. The strengths of the study include the low number of patients lost to follow-up, a long follow-up time (∼14 y), and uniformity of the surgery due to select surgeons performing the procedure in a high-volume center. The 32-gene risk index requires further validation in a multi-institutional cohort or clinical trial setting. In addition, the utility of the risk index in providing prognostic information at the biopsy stage will be assessed.
Materials and Methods
Patients and Tissue Specimens. Tissue samples for the discovery (n = 209) and validation (n = 306) cohorts were obtained from consecutive patients who underwent RP surgery as part of their clinical care at Massachusetts General Hospital (MGH; Boston, MA) from September 1993 to September 1995 and January 1996 to December 1997, respectively (Fig. 2 , Table 1,  and Tables S1, S8 and S9 ). In addition, malignant tissue samples from presurgery prostate core needle biopsies were obtained from patients in the validation cohort whose initial biopsies were performed at MGH (n = 79). Medical records were reviewed, and clinical data captured included demographic information, presurgery PSA, pT stage, surgical margin status, Gleason score, time to BCF, time to metastasis, and overall survival (Table 1) . For the biopsy cohort, additional data captured included cT stage, number of positive and negative cores, and highest percent tumor content. The Gleason score was rereviewed by a single urological pathologist (C.-L.W.) based on the modified Gleason classification (29) . BCF was defined as a post-RP detectable serum PSA. The detection threshold was the generally accepted, contemporary threshold value at the time, above which a serum PSA could be detected by a laboratory-available standard PSA assay. From 1993 to 2001, this detection limit decreased from 0.5 ng/mL to 0.1 ng/mL. Most patients (87%) had a second, confirmatory PSA test on record. Metastasis events were captured based on imaging reports and clinical notes in the medical record indicating metastatic disease. Metastasis-free data points were defined as follow-up visits with no indication of metastasis. Survival information was captured from MGH medical records and social security database inquiries. In the absence of a confirmed death event, the last confirmed patient follow-up visit in which a PSA test was obtained was used as the censored time in overall survival analyses. Exclusion criteria included neoadjuvant or adjuvant therapy before BCF and lymph node metastasis present at RP. Additional patients not included were those with no follow-up clinical information, no tumor tissue available, and insufficient RNA quantity or quality. For the validation cohort, patients also were required to have a documented post-RP PSA nadir and at least one PSA measurement >6 mo post-RP. The study was approved by the institutional review board at MGH. Informed and signed consent was obtained from all patients for the use of their tissue at the time of surgery.
All tissues were formalin fixed and paraffin embedded. Tumor samples were sectioned into ∼7-μm-thick tissue sections, and the area of the tissue with the highest histologic tumor grade was marked by a pathologist (C.-L.W.) for isolation and analysis. Tissue was isolated by manual macrodissection. The lower limit of tumor tissue accepted was 70%. Tissue samples were processed and RNA isolated as described in SI Materials and Methods.
Discovery of a Prognostic Gene Set. Gene expression profiling was performed on tissue samples from the discovery cohort via the cDNA-mediated annealing, selection, extension, and ligation assay (Illumina) (30, 31) . In total, 1,536 genes were selected for profiling based on a review of the scientific literature for candidate prostate cancer-related genes and pilot studies using gene expression profiling of prostate cancer tissue of different Gleason grades compared with nonmalignant prostate tissue. See SI Materials and Methods and SI Results for additional details on the methods and statistical analyses of the gene expression data.
Construction of a Continuous Risk Index. A continuous risk index was constructed using gene expression data from the real-time RT-PCR assays and clinical information from the discovery cohort. The discovery cohort was 
